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Introduction
Beta-lactam hypersensitivity has a significant impact on treatment options in affected patients. Up to 10% of patients have a self-reported allergy to penicillin. The avoidance of penicillin and other beta-lactam antibiotics increases the consumption of second-line broad-spectrum antibiotics and is followed by many unfavourable consequences: higher rate of treatment failures and complications, increased microbial resistance and higher treatment costs (Macy and Contreras, 2014; Solensky, 2014) . However, true penicillin hypersensitivity is known to be present in only 10% of patients labelled penicillin-allergic. The correct determination of penicillin allergy has become a very important issue in public health.
Beta-lactam hypersensitivity has heterogeneous manifestations. From a clinical and diagnostic point of view, the most useful classification distinguishes between immediate and non-immediate hypersensitivity. Immediate hypersensitivity generally begins within 1 hour from exposure to an antibiotic and is often mediated by immunoglobulin E (IgE). Non-immediate hypersensitivity manifests later, usually within several hours or days, and is primarily mediated by T-lymphocytes ). The current diagnostic algorithm for beta-lactam hypersensitivity recommended by the European Network of Drug Allergy (ENDA) and the Drug Allergy Interest Group (DAIG) of the European Academy of Allergy and Clinical Immunology (EAACI) relies mostly on in vivo tests (skin and provocation tests) (Demoly et al., 2014) , while the role of in vitro tests is complementary. The availability of complex allergy diagnostics by in vivo testing is currently suboptimal in the Czech Republic (CZ) as it carries certain risks for patients, and thus is provided in only a few experienced allergy centres. Currently, a simple approach to screening suspected beta-lactam allergy in vitro is used for immediate hypersensitivity in CZ, mainly using specific IgE, as well as the basophil activation test (BAT) to lesser extent. When a positive result confirms sensitisation and corresponds to clinical history, further examination is not required. All negative results should be followed up as the sensitivity of specific IgE and BAT for betalactam hypersensitivity is low (Demoly et al., 2014; Mayorga et al., 2016) . Most beta-lactam hypersensitivity reactions are non-immediate, therefore the ability to confirm at least some cases by in vitro methods is desirable.
As non-immediate hypersensitivity reactions to beta-lactams are mediated primarily by T-lymphocytes, in vitro determination is focused on the detection of beta-lactam specific T-lymphocytes. Various tests of lymphocyte proliferation, activation or cytokine production have been employed. Among other techniques, enzyme-linked immunospot assay (ELISPOT) appears to be very promising, as it is an exceptionally sensitive method for the detection of specific T-lymphocytes. Peripheral blood mononuclear cells (PBMC) obtained from a sensitised patient are cultured in the presence of the suspected drug. Re-stimulated lymphocytes secrete cytokines that are trapped by a membrane-captured cytokine-specific primary antibody and visualised by an enzyme-linked secondary antibody, similar to ELISA. The result is expressed as spot forming cells (= number of cytokine-secreting cells). ELISPOT is capable of detecting < 25 secreting cells per million PBMC (Ebo et al., 2011; Mayorga et al., 2016) . Interferon γ (IFN-γ) is considered a key cytokine in the pathogenesis of delayed drug hypersensitivity reactions, especially maculopapular exanthemas (Rozieres et al., 2009; Porebski and Czarnobilska, 2015) . A study by Rozieres et al. (2009) reported a sensitivity of 91% and specificity of 95% for IFN-γ ELISPOT in patients with maculopapular exanthema after amoxicillin treatment. We aimed to confirm the utility of IFN-γ ELISPOT as a first-line in vitro test in the diagnosis of amoxicillin non-immediate hypersensitivity, as well as in non-immediate penicillin hypersensitivity.
Material and Methods
Twenty-five patients (group A) and 6 healthy subjects (group B) were enrolled in the prospective observational study between September 2014 and June 2016. Group characteristics are presented in Tables 1, 2 (group A) and 3 (group B). The inclusion criterion for group A (patients) was manifestations of a non-immediate hypersensitivity reaction with an onset of 1 hour or more from the initiation of penicillin (PNC) or amoxicillin (AMX) treatment within the last year. The inclusion criterion for group B (healthy subjects) was well-tolerated PNC or AMX treatment within the last year. Both common forms of AMX treatment were included: AMX alone and AMX plus clavulanic acid (AMX-CL). The study was approved by the Ethics Committee of Na Homolce Hospital, and all participants provided signed, informed consent.
In vitro tests for each participant were performed at one time. The timing was targeted to between one month and one year from the resolution of the hypersensitivity reaction in group A and between one month and one year from the end of antibiotic treatment in group B. Three sets of tests were performed in all subjects: a) IFN-γ ELISPOT to detect T-lymphocytes specific to benzylpenicillin, AMX and AMX-CL; b) penicillin-specific IgE; c) BAT. Specific IgE and BAT was included to detect the incidental presence of type IgE sensitisation to penicillin beta-lactams.
ELISPOT assay
For the detection of drug-specific IFN-γ producing T-lymphocytes, a pre-coated Human IFN-γ ELISPOT Kit (C.T.L. Europe GmbH, Bonn, Germany) was used. Blood was drawn into a Cell Preparation Tube (Vacutainer ® CPT TM Heparin, Becton Dickinson). Peripheral blood mononuclear cells (PBMC) were isolated after centrifugation at 1500 g and their concentration was adjusted to 5×10 6 cells/ml by adding serum-free CTL Test TM Medium (C.T.L. Europe GmbH, Bonn, Germany). The assay was performed in triplicate. PBMC (100 μl, 5×10 5 /well) were incubated with benzylpenicillin (Penicilin G draselna sol ® Biotika, 100 μl, concentration 5×10 5 IU/ml), AMX-CL (Amoksiklav ® Lek Pharmaceuticals, 100 μl, concentration 1 mg/ml) and AMX (Amoxicillin for skin tests, Diater, 100 μl, concentration 1 mg/ml) for 24 hours at 37 °C in 5% CO 2 . The antibiotic concentration used was adapted from Rozieres et al. (2009) . As a negative control, cells were incubated with medium (100 μl CTL medium), and phytohemagglutinin (PHA, Sigma Aldrich, St Louis, USA, 100 μl, concentration 5 μg/ml) stimulation was used as a positive control. The cells were then removed by two washes with PBS (phosphate buffered saline) and two washes with PBS -0.05% Tween-20, IFN-γ detection antibody was added for 2 hours, the wells were washed three times with PBS -0.05% Tween-20. Streptavidin-AP Solution was added for 30 min, followed by two washing steps with PBS -0.05% Tween-20 and with distilled water. Spots were developed using the Developer Solution and the reaction was stopped by washing three times with tap water. Spot forming cells (SFC) were counted by a CTL-ImmunoSpot S5 UV Analyzer (C.T.L. Europe GmbH, Bonn, Germany). Results were expressed as: a) the number of IFN-γ SFC/10 6 PBMC for the unstimulated condition (medium) and stimulation with each antibiotic (AMX-CL, AMX and PNC); b) delta (Δ) values, the difference between the response value in the presence of antibiotic and the unstimulated condition value (Tables 1-3) ; c) stimulation index (SI), response value in the presence of the antibiotic divided by the unstimulated value in each participant (Tables 1-3 ).
Specific IgE to penicilloyl G, penicilloyl V, ampicilloyl and amoxicilloyl was performed by ImmunoCAP assay (ThermoFisher Scientific, Uppsala, Sweden).
BAT was performed by the FlowCAST assay (Bühlmann, Basel, Switzerland), with benzylpenicilloyl-L-octa-lysin, sodium benzylpenilloate and sodium amoxicillin (Diater, Madrid, Spain), penicillin G (Penicilin G draselna sol ® , Biotika), ampicillin (Ampicilin ® , Biotika) and amoxicillin plus clavulanic acid (Amoksiklav ® , Lek Pharmaceuticals). BAT was analysed by a flow cytometer FACS Calibur (BD Biosciences, San Jose, USA).
Follow-up
Clinical evaluation by skin and provocation tests followed in one subgroup of patients. Skin tests (ST) with major and minor penicillin determinant (benzylpenicilloyl-L-octa-lysin and sodium benzylpenilloate, DAP Diater, Madrid, Spain), penicillin G (Penicilin G draselna sol ® , Biotika, 10000 IU/ml) and amoxicillin + clavulanic acid (Amoksiklav ® Lek Pharmaceuticals, 20 mg/ml) were performed in 21 patients according to the ENDA and DAIG of EAACI recommendations (Brockow et al., 2013) . A drug provocation test (DPT) with culprit beta-lactam was performed in 10 patients; in 5 cases with oral phenoxymethylpenicillinum (V-Penicilin ® , Biotika) and in 5 cases with amoxicillin + clavulanic acid (Amoksiklav ® , Lek Pharmaceuticals). The DPTs were performed as described previously (Romano et al., 2004) .
Statistical analysis
Normality was evaluated using a chi-square test for each variable. As normal data distribution was not shown by the chi-square test, the Wilcoxon paired test was used to evaluate the significance testing between patient group results for unstimulated conditions and stimulation with each antibiotic. P-values < 0.05 were considered statistically significant.
Results

IFN-γ ELISPOT assay results were evaluated in 24 of 25 patients from group
A and in all 6 healthy subjects from group B. The number of IFN-γ producing PBMC showed strong response to PHA (positive control) in all but one patient, who was therefore excluded from further analyses. Antibiotic response was generally weak, very close to the unstimulated condition (incubation with medium alone).
Results expressed as delta (Δ) values (number of IFN-γ SFC/10
6 PBMC cultured with each antibiotic after subtraction of values obtained from PBMC cultured with medium only) are presented in Table 1 for patients reacting to amoxicillin, Table 2 for patients reacting to penicillin and Table 3 for healthy controls tolerating amoxicillin or penicillin. Often the number of IFN-γ SFC was slightly higher in wells with medium than with the antibiotic, and therefore some delta values were less than zero. The stimulation indices (SI) were also calculated (Tables 1-3 Table 5 . A significant difference in IFN-γ secretion was found only between PBMC cultured with medium and PBMC cultured with AMX-CL. Results obtained with AMX and benzylpenicillin did not differ significantly from the unstimulated condition (medium). IgE sensitization was detected in one patient (patient No. 6) by specific IgE positivity to penicilloyl V (7.58 kUA/l), ampicilloyl (1.46 kUA/l), penicilloyl G (0.74 kUA/l) and amoxicilloyl (0.71 kUA/l). None of the patients or healthy subjects had positive BAT; the results of 3 patients were not evaluated, in one case due to high spontaneous activation and in two cases due to the absence of basophils in the analysis (Tables 1 and 2 ).
Follow-up by skin and provocation tests confirmed drug hypersensitivity in 6 patients and excluded it in 9 patients (Tables 1 and 2). Nine patients did not finish the allergy work up. Positive DPT corresponded to the second highest IFN-γ response to AMX-CL (patient No. 5). Five patients had hypersensitivity confirmed by ST, but showed no response to the culprit antibiotic in the IFN-γ ELISPOT assay (patients No. 1, 2, 3, 4 and 16).
Discussion
The utility of ELISPOT in the diagnosis of drug hypersensitivity has been shown by several authors (Rozieres et al., 2009; Zawodniak et al., 2010; El-Ghaiesh et al., 2012; Esser et al., 2012; Fu et al., 2012; Polak et al., 2013; Tanvarasethee et al., 2013; Ben-Said et al., 2015; Kato et al., 2017; Trubiano et al., 2017) , as well as in many case reports. Nevertheless, the target patient population, drug used, cytokine studied and protocols differ considerably. Also, the reported sensitivity for beta-lactams varies over a wide range, from 13 to 91%.
The objective of the present study was to verify the efficacy of ELISPOT in non-immediate beta-lactam hypersensitivity. It was previously reported that the IFN-γ ELISPOT assay shows good sensitivity (91%) and specificity (95%) in demonstrating delayed drug hypersensitivity reactions to amoxicillin (Rozieres et al., 2009) . We aimed to confirm its utility as a first-line test not only for amoxicillin, but also for penicillin. Skin and provocation tests are routinely used at our department, however patient compliance to the entire procedure is generally suboptimal as it is time-consuming and not risk free. As the sensitivity of in vivo and in vitro drug allergy tests decreases over time (Fernández et al., 2009) , an inclusion criterion of reaction or exposure to penicillin or amoxicillin in the last 12 months was used.
We used very similar conditions to those described previously (Rozieres et al., 2009 ). However, our study did not confirm the previous findings. None of our patients achieved the suggested cut-off value for positivity, 30 SFC/10 6 PBMC (Rozieres et al., 2009) . Assays with PNC (generic Penicilin G draselna sol ® Biotika) and sole AMX (commercial Amoxicillin for skin tests, Diater) in the same concentration as in the original work failed completely; the difference between unstimulated conditions and drug stimulation was negligible. The assay with AMX-CL (generic Amoksiklav ® Lek Pharmaceuticals) significantly differed from unstimulated conditions and some results stood out among others. Selective hypersensitivity to clavulanic acid is not a probable explanation as the culprit antibiotic did not contain clavulanic acid in two of three patients with the highest IFN-γ response to AMX-CL. Selective hypersensitivity to clavulanic acid is also not as common in CZ as was recently reported in immediate hypersensitivity patients by Torres et al. (2016) in Spain. More likely, some drugs are stronger stimulators than others (Khalil et al., 2008) and differences may exist between epitope availability in their particular forms. Further studies elucidating this issue are needed.
Some authors have suggested increasing the sensitivity of ELISPOT by detecting a wider range of cytokines, e.g. IFN-γ plus IL-4, IL-5, IL-13 and granzyme B (Beeler et al., 2006; Zawodniak et al., 2010; El-Ghaiesh et al., 2012; Polak et al., 2013; Tanvarasethee et al., 2013; Mayorga et al., 2016) . Protocol modifications regarding the length of incubation, pre-treatment of PBMC with cytokines, monoclonal antibodies or dendritic cells and other amplification strategies have been proposed. A novel study by Kato et al. (2017) revealed improvement of IFN-γ ELISPOT sensitivity when PBMCs were stimulated by CD3/CD28 and IL-2 for 7 days. They found 17 out of 20 samples positive by the modified ELISPOT, while only 4 out of 20 were positive by the conventional ELISPOT. Prague Medical Report / Vol. 119 (2018) No. 1, p. 30-42 ELISPOT is more sensitive to severe forms of hypersensitivity, e.g. in drug rash with eosinophilia and systemic symptoms (DRESS), Stevens-Johnson syndrome (SJS) or toxic epidermal necrolysis (TEN), in comparison to maculopapular exanthema (Fu et al., 2012; Ben-Said et al., 2015) . A recent study by Trubiano et al. (2017) found 53% sensitivity for conventional IFN-γ ELISPOT in antibiotic-associated severe cutaneous adverse reactions (DRESS, SJS, TEN and acute generalized exanthematous pustulosis), with a median 102 SFC/10 6 PBMC and interquartile range (IQR) 71.46-147.3 in positive cases. Skin test sensitivity was 52% and the combination of ST and ELISPOT allowed the identification of antibiotic causality in 79%. The benefit of ELISPOT was apparent, especially in acute samples from DRESS patients and in glycopeptide-associated cases (vancomycin and teicoplanin). Our patients did not experience severe manifestations. Our findings are in accordance with those of Khalil et al. (2008) , who reported only weak response (between 3 to 5 spots) in patients with maculopapular exanthema following amoxicillin using IFN-γ ELISPOT.
Fifteen of 24 patients completed the full examination necessary for final diagnosis. We confirmed non-immediate hypersensitivity to amoxicillin or amoxicillin plus clavulanic acid in 5 patients; in 4 by ST, in 1 by DPT ( Table 1) . We excluded nonimmediate hypersensitivity to amoxicillin plus clavulanic acid in 4 patients by ST and DPT. We confirmed hypersensitivity to penicillin in 1 patient by ST and excluded it in 5 patients by ST and DPT. No serious complications were recorded during ST or DPT. Six patients had negative skin tests but refused or did not complete provocation tests. IgE type sensitisation was recorded in 1 patient by specific IgE to all four penicillins tested, its confirmation by ST or DPT was not performed. Thus, our group of patients (A) consisted of 6 patients with confirmed non-immediate hypersensitivity to AMX (1 AMX alone, 4 AMX and/or CL) or PNC (1), 1 patient with immediate hypersensitivity to penicillin and aminopenicillins, 9 patients with excluded hypersensitivity and 8 patients in which the final diagnosis was not established.
We did not find any significant results with IFN-γ ELISPOT using published criteria under very similar conditions (Rozieres et al., 2009) . Using softer evaluation criteria with a combination of SI (>2) and delta values (>10 SFC/10 6 PBMC, higher than our healthy subjects) would lead to 3 positive results with AMX-CL and zero positive results with AMX alone or PNC. In patient No. 5, the AMX-CL result (19.3 SFC/10 6 PBMC, SI 2.5) corresponded to DPT. In patient No. 20, the AMX-CL result (21.4 SFC/10 6 PBMC, SI 7.4) did not correspond to the reaction culprit (PNC; PNC result was 1.3 SFC/10 6 PBMC, SI 0.6) and hypersensitivity to both, PNC and AMX-CL, was eventually excluded by DPT. The third potentially significant result (patient No. 10; AMX-CL 10.6 SFC/10 6 PBMC, SI 5) remains unvalidated, as the patient had negative ST but did not completed DPT. IFN-γ ELISPOT did not help to omit in vivo testing in any patient. The highest result (in patient No. 20) even suggests a risk of false positivity if using more lenient criteria.
The present study has some limitations. The study design reflected the intended use of IFN-γ ELISPOT as a first-line test, so patient enrolment was based on clinical suspicion and not on hypersensitivity confirmation by ST and DPT. Therefore, the patient group was "diluted" by subjects without true hypersensitivity and the number of definitively confirmed cases was small. The eight patients lost to follow up reflect the common issue of poor compliance with complicated time-consuming procedures and concerns about safety. We did not create our own cut-off values for IFN-γ ELISPOT evaluation. As normal data distribution was not shown, we were unable to use mean +2 SD (standard deviation) to establish cut-off values using assays incubated under unstimulated conditions. Moreover, due to the small number of healthy participants in the present study, it would be inappropriate to create cut-offs from antibiotic assays in these subjects.
We did not assess the exact sensitivity and specificity of the IFN-γ ELISPOT method for each antibiotic studied due to the small number of patients with a final diagnosis. According to our findings, the sensitivity of the assay appears to be much lower than the optimistic expectations based on the work of Rozieres et al. (2009) . With 1 potentially positive result in 6 confirmed hypersensitivity cases, we may assume an approximate sensitivity to be less than 20% in mild non-immediate hypersensitivity reactions to penicillin and amoxicillin using an assay with AMX-CL. The failure of PNC and AMX alone requires further research focused on the particular form of beta-lactam employed in the assay.
Conclusion
Our results did not support the utility of IFN-γ ELISPOT in the diagnosis of mild non-immediate hypersensitivity to amoxicillin and penicillin in daily practice. The first-line diagnostic approach remains a combination of detailed history and in vivo tests. Skin tests are the most useful tests for allergy confirmation. After ST negativity or even without performing ST in mild childhood MPE (maculopapular exanthema), the gold standard of drug allergy diagnosis is a drug provocation test. DPT is considerably safe in non-severe non-immediate cases and it is the only test able to exclude hypersensitivity. Possible benefits of in vitro tests including IFN-γ ELISPOT in more severe forms of non-immediate beta-lactam hypersensitivity (DRESS, SJS, TEN) or in patients with contraindications to ST and DPT due to comorbidities requires further research and validation. Sensitivity enhancement of ELISPOT by protocol modification may be helpful.
